Received (to be inserted by publisher); Revised (to be inserted by publisher); Accepted (to be inserted by publisher); Modern radio astronomical facilities are able to detect extremely weak electromagnetic signals not only from the universe but also from man-made radio frequency interference of various origins. These range from wanted signals to unwanted out-of-band emission of radio services and applications to electromagnetic interference produced by all kinds of electronic and electric devices. Energy harvesting wind turbines are not only equipped with electric power conversion hardware but also copious amounts of electronics to control and monitor the turbines. A wind turbine in the vicinity of a radio telescope could therefore lead to harmful interference, corrupting the measured astronomical data. Many observatories seek to coordinate placement of new wind farms with wind turbine manufacturers and operators, as well as with the local planning authorities, to avoid such a situation. In our study, we provide examples as well as guidelines for the determination of the separation distances between wind turbines and radio observatories, to enable a benign co-existence for both. The proposed calculations entail three basic steps. At first, the anticipated maximum emitted power level based on the European EN 550011 (CISPR-11, 2015) standard, which applies to industrial devices, is determined. Then secondly, the propagation loss along the path to the radio receiver is computed via a model provided by the international telecommunication union. Finally, the received power is compared to the permitted power limit that pertains in the protected radio astronomical observing band under consideration. This procedure may be carried out for each location around a telescope site, in order to obtain a map of potentially problematic wind turbine positions.
Introduction
Harvesting wind energy is one of the few sustainable ways to generate energy with a low CO 2 footprint. Considering the challenges and threats imposed by the global climate change, all efforts to utilize renewable energy sources deserve our support. Modern radio astronomy is however extremely sensitive to human-made electromagnetic emission and in the worst case scientists could lose a unique window into the universe if interference swamps the weak signals from space. Wind turbines (WT), as all other industrial devices in the vicinity of a radio telescope, have a potential of interference for astronomical observations. Therefore, coordination is needed to guarantee a beneficial coexistence between radio astronomy and societies interest in wind power utilization. Given the large area that is suitable for wind energy harvesting in most countries, the small fraction of land, which would have to be kept free around radio observatories seems insignificant at first glance. However, not all regions are equally well suited for a WT farm. Radio observatories are often placed in remote locations where wind farms could otherwise be operated without, e.g., affecting existing settlements. The LOFAR core station in the Netherlands is for example located in an area with very high wind harvesting potential, which can easily lead to a serious conflict of interests.
Radio astronomy is fundamental research, which studies the near and far universe. Many cosmic phenomena produce electromagnetic radiation that can only be detected by large radio antennas even though huge amounts of energy are sometimes emitted as the immense distances to the astronomical objects cause
Compatibility study methodology
To study the compatibility between two radio services, it is necessary to calculate the fraction of electromagnetic emissions emanating from a transmitter (interferer ) that will find their way into the receiving system (victim). The received power or the (spectral) power flux density can then be compared to the maximal acceptable level of interference that will still allow proper operation of the victim service (Jessner 2013) . Not all of the power invested into the transmission of a signal can be transformed into the desired radiation, some of it will be simply converted into heat or it may be radiated at frequencies outside of the allocated band. Such "unwanted" emissions have to be considered when the victim operates in one of the adjacent frequency bands. The radiated power will also be direction-dependent, based on the characteristics of the antenna in use. Propagation effects attenuate the signal along the path between the transmitter Table 1 . RAS protection limits according to ITU-R Rec. RA.769, 2003a (excerpt) . Different bandwidths, ∆f , antenna temperatures, T A , and receiver noise temperatures, T Rx , apply for each frequency. Based on these numbers, the RMS noise, Trms, is calculated and the thresholds for the power, P lim , the power flux density, S lim , and electrical field strength, E lim , are derived. and receiver. The receiving antenna also has a directivity -providing additional gain if the antenna is pointing towards the transmitter, or attenuation if it isn't, -which further modifies the link budget.
Allowed emissions and RAS protection criteria
Acceptable interference levels, so-called limits or thresholds, for RAS stations are given in ITU-R Rec. RA.769, 2003a. With Tab. 1 we provide an excerpt for the reader's convenience. For a typical receiver operating at a given frequency, the interference power must not exceed 10% of the RMS noise level that is obtained for a particular (interference-free) bandwidth after a certain observing/integration time (see also Jessner 2013) . Note that the threshold values in ITU-R Rec. RA.769, 2003a , pertain by definition to the combination of a frequency average over the reference bandwidth and a time average over the total integration time. For spectroscopy observations the bandwidths are of the order of a few kHz -the spectral channel width -while in all other cases the bandwidth is set to the size of the protected RAS band, which can range from few MHz at lower frequencies to several GHz at high frequencies. It is common practice by many administrations to use the pre-computed values provided in the tables of ITU-R Rec. RA.769, 2003a, which have been calculated for an integration time of 2000 s with the specific bandwidths for the main observation methods and for each frequency. This is intended to represent a typical case, but longer (see example in the introduction) or shorter times and different bandwidths are also feasible and radio astronomical observations are by no means meant to be restricted to this choice of parameters. ITU-R Rec. RA.769, 2003a, gives details how interference thresholds are calculated for different bandwidths and integration times.
There are a number of frequency bands in which RAS is given explicit protection in the radio regulations of ITU-R, but we will restrict ourselves to consider only the L-Band frequency range 1400−1427 MHz as an example in this text.
In terms of electromagnetic interference (EMI) regulations, wind turbines count as industrial devices (Group 1, Class A), which are required to conform to the EN 550011 (CISPR-11, 2015) standard: the electrical field strength measured at a distance of 30 m with a quasi-peak (QP) detector having a bandwidth of 120 kHz must not exceed 30 dB µV/m below 230 MHz or 37 dB µV/m between 230 MHz and 1 GHz. Limits are not explicitly specified for frequencies above 1 GHz. Furthermore, for other applications above 1 GHz the International Special Committee on Radio Interference (CISPR) typically uses a larger bandwidth (1 MHz) for the measurement channel. We will therefore assume in the following, that the spectral power flux density limits above 1 GHz are the same as the ones between 230 MHz and 1 GHz, which leads to a field strength limit of 27.8 dB µV/m (per 1-MHz channel). It should also be noted that above 1 GHz CISPR norms tend to refer to Peak or RMS detectors instead of QP.
The electromagnetic power, P , that needs to be emitted for the generation of an electrical field strength, E, measured at a distance, d, is given by
with R 0 = µ 0 0 = 376.73 Ω being the free space impedance. The electrical field strengths quoted in EN 550011 (CISPR-11, 2015) can thus be converted to emitted power levels, which makes a comparison with the ITU-R Rec. RA.769, 2003a, levels easier. In engineering notation b this reads
The CISPR-11 electrical field limits are defined for a certain measurement bandwidth also specified by CISPR-11. In order to compare them with RAS thresholds from ITU-R Rec. RA.769, 2003a, one will have to calculate the power that is going to be emitted over the appropriate RAS bandwidth. RAS interference limits are defined as averages, while CISPR-11 limits below 1 GHz refer to quasi-peak detections, where the envelope of the received power as a function of time from a chosen detector band is fed to an additional post-detection integrator that has several time constants c : a T c = 1 ms rise time of the output for any input signal that is greater than the current output level, and a T d = 550 ms decay time when the input level is below the output level. This results in a saw-tooth output for time variable inputs which is further smoothed with a "meter" time constant T m = 100 m (Krug et al. 2004) .
CISPR-11 specifies only QP limits for the relevant bands C and D, corresponding to the peak power for continuous or high repetition rate ( T rep T d ) which can be about 3 dB higher than the average power, but tend to reflect the averaged power for low duty cycle ( T rep > T d ) signals (Ristau & Hansen 1997) . As most interference emissions are by nature highly variable in time and frequency, we assume that the CISPR-11 QP limits may also provide a realistic upper limit for the long (≈ 2000 s) time averages specified for radio astronomy protection. The CISPR-11 limits take neither the temporal nor the spectral signature of possible EMI emissions into account. Furthermore, it is not known, whether the electrical and electronic equipment in the WT hub and foot produces a flat spectrum or only a limited number of relatively narrow spectral lines, such as harmonics from oscillators in digital equipment.
We will analyze two example scenarios to illustrate the possible range of compatibility requirements. For case 1, we assume that the EMI spectrum is flat and as such every CISPR-11 channel (with 1 MHz channel width) in the RAS band contains the maximal permitted electrical field strength. This corresponds to the highest permissible emission within the full RAS bandwidth. In case 2, only one CISPR-11 channel has maximum intensity. Clearly, case 1 is a worst-case scenario and if a WT turns out to be compatible with RAS observations under this assumption, no further action is necessary. For situations where the RAS thresholds are exceeded for case 1, the WT operator may provide further information about the actual spectral properties, which can be taken into account in further calculations.
In Fig. 1 (top panel), the CISPR-11 limits (converted to power over the full RAS bandwidth) are displayed for a range of protected RAS bands. The RAS protection threshold is also shown in the graph.
Minimal coupling loss
The difference between the emitted signals and the RAS threshold (i.e. the gap between the CISPR-11 values and the ITU-R Rec. RA.769, 2003a, thresholds in Fig. 1 , top panel) indicates the amount of additional attenuation that is required to avoid exceeding the ITU-R RAS limits at the telescope. This minimal attenuation is called the minimal coupling loss (MCL),
The main attenuation mechanism is the path propagation loss between the emitter and the receiver, but the antenna gains will also play a role for the coupling loss. However, here we assume a generic omni-directional 0 dBi gain for both patterns. On the one hand, WTs are not antennas by design and to our knowledge
. c Here we are using the CISPR-11 specification for the appropriate bands C and D (30 MHz -1000 MHz). no studies exist that examine the effective pattern of radio emission emanating from a WT when radio frequency currents are excited in the structure. For the RAS station, on the other hand, the antenna pattern can be measured and modeled, and there is an ITU-R recommendation (ITU-R Rec. RA.1631 RA. , 2003b , which provides a simplified description of a "standard antenna" for compatibility studies. Nevertheless, the RAS antenna usually points towards an astronomical object of interest located anywhere on the visible sky, but in motion w.r.t. the horizontal coordinate system, while WTs are located close to the local horizon as seen from the telescope. A WT is therefore more or less equally likely positioned anywhere in the antenna pattern, resulting in an average receiving gain of 0 dBi. There are however conceivable situations, where a radio telescope observes a source close to the horizon and in a flat countryside it could even happen that the WT is within the main-beam direction. Then, the full forward antenna gain (up to ∼90 dBi, depending on dish size and frequency) applies and the detection probability would be substantially increased towards near certainty. Our proposed method for studying more generic scenarios may easily be adapted to more complex cases, but we will omit them here for the sake of clarity and brevity. In order to assess the impact of operating a wind turbine at a proposed location one needs to compare the MCL with the predicted path propagation loss between the wind turbine and the RAS station. We obtain two different MCL by considering the two scenarios discussed above: the MCL for scenario 1 is by 10 log (∆f RAS /∆f C11 ) dB larger than the corresponding one for scenario 2. Using the reference bandwidths ∆f RAS given in Tab. 1 of ITU-R Rec. RA.769, 2003a, the difference amounts to +14.3 dB for 1420 MHz. Figure 1 (bottom panel) shows the resulting MCL for both scenarios for a range of RAS frequency bands. In both cases we assume 0 dBi (off-beam) antenna gain for the radio telescope.
Path propagation
For this study, the calculation of path propagation losses between two terminals is based on the method described in ITU-R Rec. P.452, 2015. It accounts for a variety of propagation/attenuation mechanisms such as
(1) Line-of-sight (free-space) loss including correction terms for multi-path and focusing effects, (2) Diffraction (at terrain features), (3) Tropospheric scatter, and (4) Anomalous propagation (ducting, reflection from elevated atmospheric layers).
While for many other compatibility studies, the effect of clutter has to be incorporated into the calculation, modern WT have heights that significantly exceed typical clutter heights. In our study, we assume that the hub (nacelle) of the wind turbine will be the most important source of radio interference whereas the base and lower parts of the support structure may also radiate, but their radiation will be more strongly absorbed by local clutter and topography. The receiver terminal (the radio telescope) is also higher than surrounding clutter to avoid picking up thermal radiation from objects in the vicinity. We hence assume zero clutter loss for the all following calculations. The scattering at rain drops (socalled hygrometeor scattering) can sometimes play a role, but this effect will also be neglected here. Note, that attenuation by the atmosphere, caused by the oxygen and water content in the lower layers of the atmosphere, is automatically accounted for in the line-of-sight and diffraction terms of the ITU-R Rec. P.452, 2015 propagation algorithm. Its contribution is however negligible at the frequencies under consideration for this work. A number of parameters has to be provided in order to calculate the path attenuation loss according to ITU-R Rec. P.452, 2015, the terrain height profile along the propagation path, the frequency, and the heights of transmitter and receiver above ground being the crucial ones. Furthermore, the so-called time percentage, p, for anomalous propagation should be specified (values must be in the range between 0.001% and 50%). The path loss resulting from the ITU-R Rec. P.452, 2015, algorithm has to be understood in statistical terms: the loss value L(p) returned for a given p means that only with a probability of p will the true path loss be higher than L(p). The function L(p) is in fact the inverse of the cumulative distribution function of the loss values. For radio astronomical observations we need to ensure that the RAS thresholds are not exceeded for most of the time, so that only a small fraction of data may be lost. Therefore, we use p = 2% for all subsequent calculations. This choice of percentage is also typical for the regulatory constraints by the ITU on interference probabilities from other services that might affect RAS. Other input parameters include the atmospheric conditions such as temperature, pressure, and humidity, and the average radio-refractive index lapse-rate through the lowest 1 km of the atmosphere, as well as the sealevel surface refractivity. The latter values have relatively small impact on the results (if within reasonable limits), especially at the frequencies used in this study. For details we refer to the pycraf documentation and ITU-R Rec. P.452, 2015.
Generic results
In most cases, a number of existing or prospected WT positions around a specific telescope site will be studied, as the topography around the radio telescope plays an important role in the actual link budget. An initial consideration of the so-called generic case, in which terrain heights are neglected ("flat Earth" scenario) can however be already quite illustrative. These generic results provide a first estimate of the separation distances that may perhaps be required, and can be a useful guideline for all involved parties: radio astronomers, wind turbine manufacturers/operators, and local planning authorities. We also note, that many compatibility studies submitted to the various working groups of the ITU-R are generic-case, only. Figure 2 (left panel) shows the total propagation loss and its constituents over a range of 200 km, calculated for a frequency of 1420 MHz. A receiver height of 50 m and a transmitter height of 160 m have been assumed. The contribution by diffraction increases significantly once the path changes from line-of-sight type to trans-horizon. Subtracting the MCL from the path loss values yields the so-called (link-)margin
If it is zero, then a WT would just be compatible with the RAS power limits at that location. Negative margins indicate a situation where compatibility is compromised. In Fig. 3 , the resulting margins are displayed for both scenarios (CISPR-11 and RAS bandwidths) for various transmitter heights. The dashed black horizontal line marks the zero-margin. Everything below that line could potentially lead to a violation of the thresholds at the radio telescope. The results of several measurement campaigns (e.g. Hasenpusch & Fleckenstein 2017) indicate that the wind turbines may in reality emit 10 to 20 dB less than permitted by CISPR-11. The gray dashed lines would be the separating limits in that case. The number of wind turbines, N dev , per farm also plays an important role here. For multiple emitters, aggregation effects have to be considered. They lead to an increase of the received power by ∼10 log(N dev ) [dB] assuming that all devices are subject to the same path propagation loss.
Case studies using topography
The generic analysis discussed in the Sec. 3 can only provide a rough estimate of necessary separation distances, because in reality the radio telescopes are not situated in a completely flat environment. Therefore, the topography around a specific site must be taken into account, and that can have a substantial influence on the path attenuation, especially when one considers the diffraction on terrain obstacles.
In this section, we will show how such calculations can be done for a specific observatory site by using the Effelsberg 100-m radio telescope as an example. The 100-m dish is located at the northern edge of the Eifel mountains in the western part of Germany, in a valley near the small town of Bad Münstereifel-Effelsberg. The site was chosen to provide a certain level of natural shielding, with the first diffraction edge relatively close to the telescope. However, the telescope is so large that the shielding is not perfectly efficient, especially at frequencies below a few hundred MHz where the diffraction at a single hill top provides only a few Decibels of attenuation. The visual horizon as seen from the dish center is not flat, opening into a valley around azimuths of about 180 • (i.e. towards the south). In fact, the site was chosen that way, to offer the opportunity to observe the galactic center for up to two hours per day, when it rises only slightly above 10 • in elevation in that direction.
As for the generic case, the total path propagation loss is calculated according to ITU-R Rec. P.452, 2015, employing the pycraf software package. pycraf can make use of terrain height data such as provided by the SRTM Space Shuttle Mission (Farr et al. 2007 ) and incorporate the local topography that way. We discovered by comparing SRTM with other topography data sets that the SRTM data for the chosen RAS site has larger than usual height errors; see Appendix A. For this particular study we will therefore make use of Light Detection and Ranging (LIDAR) based topography data, which is kindly provided by the German states of North-Rhine-Westphalia f and Rhineland-Palatinate g (Germany). Figure 4 displays an example of an attenuation map, which contains the path loss for a transmitter height of 160 m at any position in an area around the radio telescope. The receiver height used in the calculation is again set to 50 m. Because of the specific terrain in the Eifel mountains, the distribution of resulting path attenuations is rather inhomogeneous.
We can calculate the margins for both scenarios using the path attenuation maps (one for each transmitter height). The results are plotted for a transmitter height of 160 m in Figs. 5 and 6 both scenarios), while Fig. 7 contains the margins for a transmitter height of 100 m (scenario 1, only). The critical areas below 0 dB margin have been colored in red and orange, while positive margins are indicated with yellow and green. The (radio-wave) horizon (as seen from the telescope center) is indicated with a black contour for information. We find that the −20 dB margin roughly coincides with the horizon for any hub height when emission levels correspond to the scenario 2 CISPR-11 limits.
The number of wind turbines also plays a role as we have already mentioned. When for instance ten wind turbines are clustered in an area with similar path attenuations we would expect to receive about 10 dB more interference power and the 10 dB more stringent contour levels in Figs. 5 to 7 would thus define the exclusion zone. If, on the other hand, the wind turbine plant qualifies for emission levels that are 10 dB below CISPR-11, the 10 dB relaxed contour becomes relevant for the definition of the exclusion zone.
The antenna gain pattern of the RAS station causes another effect, that may modify the received power levels. The calculations were done for the 0 dBi case, as explained in Sec. 2.2, because the WT could in general be located at any point in the (forward) pattern and hence both, amplification or attenuation, f https://www.opengeodata.nrw.de/produkte/geobasis/dgm/dgm1/ g https://lvermgeo.rlp.de/de/geodaten/opendata/ 6.2 6.4 6.6 6. are possible. If a source is however observed at low elevation close to the horizon, the likelihood that the WT may be in the near side-lobe pattern or even in the main beam of the antenna is not negligible. In that case one possible approach would be the calculation of the so-called path horizon angles for the RAS station, as provided by the ITU-R Rec. P.452, 2015, algorithm. This is either the elevation angle under which the transmitter appears (for the line-of-sight case), or the angle under which the first diffraction edge is visible (for trans-horizon paths). The effective gain can then be derived for specific telescope pointings (a simplified antenna model for RAS telescopes is defined in ITU-R Rec. RA.1631 RA. , 2003b . For observatories in deep and narrow valleys in mountainous areas such as the Effelsberg station this approach may however be a severe oversimplification. The 100-m dish is a major structure in the valley, and it is likely that there is some wave coupling between the dish and the surrounding mountains, which are furthermore covered with trees and other clutter sources. Performing a proper 3-D electromagnetic wave simulation to fully explore the overall amplification of the signal in each direction for low elevations is without real alternatives in such cases. The dish can also be partially blocked by local terrain features (i.e. the first Fresnel zone of the path is significantly filled) on low elevations, which is not fully accounted for in the ITU-R Rec. P.452, 2015m calculations. Likewise, antenna side lobes might be directed to the ground, which increases the system temperature of the RAS receiver, making the observations less sensitive (one could therefore argue that the RAS thresholds given by ITU-R Rec. RA.769, 2003a, should be re-calculated with higher system noise parameters in such a case). 
Summary
A method to calculate the potential level of interference that a wind turbine farm could produce in a radio astronomical receiving system has been proposed in this work. It is based on three basic steps: (1) estimating the amount of power that could be produced in the WT (electric and electronic devices in the hub), (2) determining the attenuation between WT and RAS receiver, i.e. the path propagation loss, and (3) comparing the consequently received power with the permitted RAS power limits given in ITU-R Rec. RA.769, 2003a . For the first step, measurements of the emitted power would be needed. This will vary for different types of WT, and a significant effort is required to perform these measurements. We therefore used the maximally permitted power that an industrial device may emit, as given in EN 550011 (CISPR-11, 2015) (CISPR-11) in our work.
The required separation distances between a single WT and the RAS terminal are of the order of 150 km if the WT fully exploits the CISPR-11 limits and local terrain effects are neglected (flat earth case). Measurements of real installations indicate that the true emitted power is often at least ten or more Decibels below CISPR-11 levels, in which case the required separation distances shrink to values between about 75 and 125 km, depending on the hub height of the WT.
The RAS observatory will in most cases not be situated in a completely flat terrain. We made a case study using the Effelsberg 100-m telescope, which is situated in the Eifel mountains in the western part of Germany as an example of a telescope in a mountainous region. The dish is located in a valley, which provides a certain level of natural shielding against RFI from all kind of surrounding terrestrial sources, in particular when these are close to the ground. The diffraction on hill and mountain tops along the propagation paths to a WT farm can also substantially attenuate the signal from there. As a result, the required separation distances become much smaller, of the order of 20 to 30 km, depending on the azimuthal direction (because the terrain is not isotropic with respect to the RAS station location) and height of the WT. was downloaded from http://www.viewfinderpanoramas.org/, which provides reprocessed tiles with better artifact removal in mountainous environment.
Appendix A Comparison between SRTM and LIDAR-based topography maps
Many spectrum management compatibility studies make use of terrain height profiles from various sources to calculate the path propagation loss for specific locations (e.g. ITU-R Rec. F.1766 , 2006 ITU-R Rep. RA.2332 , 2011 , also this study, see Sec. 4). The topography is of great impact on the path attenuation, especially in hilly or mountainous environments that provide more diffraction edges than flat terrain. A large number of ITU-R recommendations is available that contain methods to estimate the propagation loss in various circumstances (e.g. for different frequency regimes, point-to-point or point-to-area transmission, or for specific use in Monte Carlo simulations); see ITU-R Rec. P.1144, 2017, and references therein. Here, we make use of ITU-R Rec. P.452, 2015, which is applicable for a large range of frequencies (100 MHz to ∼100 GHz) and accounts for the most important propagation channels (see Sec. 2.3). Nevertheless, even ITU-R Rec. P.452, 2015, has its shortcomings, as it accounts only for a two-dimensional height profile, but in reality the radio wave could also travel sideways around a mountain by means of diffraction, or be reflected at surfaces left and right of the direct path.
The topography data recorded by the Shuttle Radar Topography Mission (SRTM Farr et al. 2007 ) is widely in use today, because of its large area coverage (most of Earth's land mass), good spatial resolution (up to ∼ 1" × 1", or 30 m × 30 m), and relatively small height errors (< 10 m). However, it is well known that SRTM runs into problems in mountainous terrain (Berthier et al. 2006; Gupta et al. 2014; Kolecka & Kozak 2014) , caused e.g. by high slope angles for the incident RADAR signal. As the Effelsberg 100-m telescope is situated in a valley in the Eifel, we examined the SRTM data close to the site in more detail. For western Germany (North Rhine-Westphalia, NRW, and Rhineland-Palatinate, RP) we are in the fortunate situation that high-resolution topography data from Light Detection and Ranging (LIDAR) observations are available. LIDAR uses laser pulses for range determination, e.g. from an air-plane (which has GPS on-board) and can deliver accurate 3D models of the ground. In conjunction with other auxiliary data sets it was even possible to remove clutter (buildings, trees, etc.) from the topography maps, which was not done for SRTM data. This effect is displayed in Fig Again, SRTM and LIDAR-based topography differ significantly, especially the valleys appear to be more shallow in the former data set. Our comparison also indicates that the Effelsberg 100-m antenna appears to have a significant impact on the SRTM heights, creating an artifact that ought to be removed from the SRTM data before using it for later path propagation calculations. The relative height of the first diffraction edges (adjacent hill tops) would otherwise be effectively smaller which leads to an underestimation of attenuation values. Alternatively, one could also directly work with LIDAR-based topography data, which provide much cleaner and more accurate information -if such data is available for the area of interest. 
